Micellar structure from comparison of X-ray and neutron small-angle scattering T. Zemb To obtain information about a micellar structure, the most direct method is the measurement of the scattering of a radiation, the wavelength of which is close to the size of the micellar aggregate.
The observed small-angle scattering by such systems shows a peak. This peak may be produced either by intermicellar or by intramicellar interferences, or by a combination of both. It has been shown recently [1, 2] [6, 7] , is inapplicable on micellar systems, since the micellar structure is affected by the addition of any soluble compoundOne must keep in mind that isotopic effects can be important in the values of the cmc's [8] .
All [9] . Two papers on SAXS of this system are available [10, 5] For an isotropic scattering, we define the absolute count-rate I(q) of a given sample by the relation :
where I(q) is the probability for a given incident photon or particle to be detected with a momentum transfer q. We use these notations instead of those introduced by Luzzati [12] here the concentration of scatterers in the sample (ns) and in the reference (nr) can be expressed in any units. In the angular range investigated, the water scattering is constant : in SANS, the isotropic incoherent scattering of the protons is used as a reference, the effective incoherent cross-section of hydrogen being evaluated from the transmission of the sample, considering incoherent scattering as the main term of absorption [14] :
With this notation, for a typical transmission of 0.416 (1 mm water, used wavelength 10 A-1), the intensity of water scattering is 0.71 cm-'. The effective value obtained is slightly different from the absolute value quoted in cross-section tables due to inelastic effects, and variable from one neutron spectrometer to another [15] . These inelastic effects are tabulated for the different settings of the available diffractometers at Institut Laue-Langevin.
For X-ray scattering, we also use water as a reference : it is well suited since the intensity of scattering is about the same as the signal from a typical ionic micelle in a 2 % solution. The cross-section of water is independent of the scattering angle and has been carefully determined : a water molecule has the same scattering as P = 6.35 independent electrons. This is in agreement with the compressibility of water [16] .
The total cross-section of an electron is well known and given by the Thomson factor f2 =7.9 x 1O-26 cm2.
It is thereby very easy to evaluate the intensity of water scattering :
The absolute scale of water scattering is also I, = There is no way to determine the hydration of the micelle from the zero angle scattering. S(O) is the inverse of the osmotic compressibility of the sample. This interference term, the structure factor, can also be verified by static light scattering measurements [9] . 4 . Model for the micelle.
In the general case of interacting monodisperse spheres, the observed intensity is the product of the form factor P(q) and the structure factor S(q) [1] :
The more general case of slightly polydisperse spheres can be found in reference [7] but is not of interest here. The form factor P(q) for a spherical object is given by the integral [18] Since the spatial resolution of the experiment is 2 * 7r/q.ax, it is equivalent to use instead of the integral the sum of two terms :
where The inner hydrophobic core of radius R1 has the scattering length density Bl and the volume Vl. The interface extends between R1 and R2, and V2 is the volume of the whole micelle (Fig. 1) . This model has been used by several authors and works very well. This is not a proof of the existence of two well separated and distinct volumes in the micelle. With the resolution used, the scattering of a micelle is close to the scattering obtained for two concentric shells.
The problem is now reduced to the choice of the four quantities Bj, B2, Ri and R2. The worst way of doing it would be an adjustement without constraints. Indeed, in the expression of the form factor P(q) (Eq. (9)), only the product of scattering length density and radius appears, so that any unphysical solution can be extracted from a fitting procedure taking Bi and Ri as independent parameters (as in [10, 20] [20] ). In the same way, the P(q) generated with and without hydration would be exactly identical in the q-range of observation, so long the hydration layer at the interface does not exceed the resolution 7r/qmax, i.e. 5 A. Hydration has only an effect on the volume fraction and on the interactions between micelles.
In a second step, the input parameters to calculate the structure factor S(q) can be evaluated : the volume fraction of the micelles, including hydration water molecules and the well-known Debye screening length of the solvent K :
where Lb is the Bjerrum length ( Figure 1 shows the model of the micellar aggregate : a first sphere is constructed with the volume of all the hydrophobic tails (except the alpha methylenes). The radius R1 of this sphere is deduced from the aggregation number N and the partial molar volume obtained by density measurements for the same systems in the same conditions (SDS : ref. [4] ; NaC8 ref. [21] ). The scattering length densities are calculated for each technique. The interface is then constructed with the alpha methylenes, the adsorbed counter-ions and the water molecules. In the case of neutron scattering, a sharp contrast exists between the core and the two aqueous phases (interface and solvent). In the case of X-ray scattering, the core has a lower electron density than the solvent, but the interface has a very high electron density. A micelle is seen in this case as a hollow shell. The mean scattering length density of the whole micelle is very close to that of the solvent. This gives as a result a very low scattered intensity at zero angle and a peak in the P(q) of the micelle, giving some confusion with interference effects. to ensure contrast in neutron scattering. Figure 3 gives the decomposition of the scattering in P(q) and S(q) for neutron scattering. The contrast in SANS (Fig. 1) comes from D20 and the protonated hydrophobic core. The SAXS on the same system occurs through the high electron density beared by the condensed counter-ions and headgroups on the surface of the micelle, so that the P(q) has itself an oscillating behaviour characteristic of a shell. The structure factor S(q) is identical in SAXS and SANS (dashed line in Fig. 3 ). The I(q) predicted from figure 3-n and the IS(q) experimentally observed after smearing by collimation effects is shown in figure 3 -X. I. is thereby comparable to the observed scattering. [22] , where SAXS and SANS experiments were compared too.
This conclusion is not true for any micellar system. Figure 4 shows the SAXS and SANS spectra of a concentrated solution of sodium octanoate. Figure 5 -n shows the decomposition S(q) and P(q). From figure 5 it is obvious that interference effects are important both for SAXS and SANS, at any concentration of sodium octanoate micelles. Previous X-ray studies [5, 10] which attempted to fit P(q) to the observed scattering are completely erroneous (Table II) .
Is it therefore possible to determine the aggregation number N, the charge Z and the hydration number h from the X-ray scattering alone ? The answer is yes, but with less precision than through neutron scattering. In [20] . The resolution barrier in real space is n/ qmax. The hydration has only an indirect effect on the hard sphere volume of the micelle, which is obviously higher than the volume of N dry isolated surfactant molecules [1 ] .
In however, some extra difficulties in SAXS, the observed scattering being mainly due to the ionic interface and not to the hydrophobic core. We hope that, despite this intrinsic limitation, this method will make quantitative SAXS studies in concentrated micellar systems possible.
